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摘  要 
三维内收缩进气道是高超声速推进系统的理想进气布局形式，但是此类进气
道的出口平面通常存在复杂的涡结构。现有关于超燃燃烧室的研究表明，合理组
织的燃烧室进口涡结构是有利于提高燃料喷射和掺混效率的。本文提出一类三维
内收缩进气道和超燃燃烧室一体化设计概念，对该一体化喷射方案以及均匀来流
条件下的喷射方案的燃料喷射与掺混性能进行数值模拟研究，着重分析了此类进
气道出口的复杂涡特征对燃烧室燃料掺混性能的影响，进一步弄清了全三维构型
条件下喷流的湍流流动现象和掺混的主导物理机制。 
本文首先分析了设计状态下三维内收缩进气道的流场特征和涡结构特征。该
进气道能基本捕获全部来流，其矩形转椭圆的变截面设计以及通道中的三维圆形
反射激波/边界层干扰现象能诱导形成流向涡，且进气道内的横向压力梯度使这
些流向涡朝椭圆长轴两侧汇聚、合并。 
其次，以均匀来流条件下的超燃燃烧室为基本模型，研究了喷射动压比、喷
射边界层厚度、壁面曲率、喷嘴直径、激波反射等因素对燃料喷射与掺混特性的
影响。可以发现，对于确定的喷射边界层厚度，燃料喷射存在一个临界动压比。
当喷射动压比低于该临界动压比时，增大边界层厚度能明显提高燃料的穿透深度
和掺混效率；而当喷射动压比高于该临界动压比时，边界层厚度对燃料的穿透深
度和掺混效率几乎没有影响。壁面曲率对燃料掺混的影响程度与喷嘴直径相关。
当喷嘴直径较大时，壁面曲率值越小，燃料的掺混效率越高；当喷嘴直径较小时，
壁面曲率的变化对燃料掺混效率的影响很小。在相同喷射动压比下，不同喷嘴直
径方案的流场特征、燃料穿透深度以及掺混效率均存在相似性。此外，通道中的
反射激波/掺混层相互干扰会大幅降低燃料穿透深度，但由此产生的剧烈剪切运
动能促进燃料掺混。 
最后，提出了一种考虑进气道出口流向涡特征的燃料喷射方案并开展数值研
究。与均匀来流条件下的喷射方案相比，进气道/燃烧室喷射方案的掺混效率和
掺混速度均更高，进气道出口的流向涡能大幅提升燃烧室中的燃料掺混性能。剔
除边界层带来的燃料掺混增益，进气道的流向涡特征能将掺混效率提高约 65%，
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达到掺混平衡的距离缩短 1/3。进气道/燃烧室方案的喷嘴位置根据进气道横向截
面的有效平均涡量进行配置对燃料掺混较为有利，喷射处横向截面的有效平均涡
量越大，对应燃料喷射方案的掺混效率越高。 
 
关键词：三维内收缩进气道；超燃燃烧室；涡特征；横向垂直喷射；掺混特性 
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Abstract 
Three-dimensional inward turning inlet is an ideal inlet configuration for 
hypersonic propulsion systems. However, there are always evident complex vortex 
structures on its exit plane. Previous investigation on scramjet combustor indicates 
that a well-organized inflow vortex flow pattern is helpful to enhance fuel injection 
and mixing efficiency. This proposal therefore suggests an integration design between 
a three-dimensional inward turning inlet and a scramjet combustor. Numerical 
investigation on fuel injection and mixing performance of the three-dimensional 
inlet/scramjet combustor integration schemes and injection schemes with uniform 
incoming flow has been carried out, which helps to analyze effects of complex vortex 
pattern of the inlet on the mixing performance of the combustor, and provides a further 
understanding of the turbulent flow physics in three-dimensional scramjet internal 
flow path and the dominant factors of mixing process.  
First of all, flow features and vortex characteristics of three-dimensional inward 
turning inlet at the design point were analyzed. The chosen inlet can capture almost 
all the incoming flow. The design of rectangular-to-elliptical section and interaction 
between three-dimensional circular reflected shock/boundary layer is helpful to 
generate streamwise vortices. Lateral pressure gradient of the inlet forces these 
streamwise vortices to flow towards the long axis sides of elliptical duct, then merge.  
Secondly, a scramjet combustor with uniform incoming flow was employed to 
study effects of momentum flux ratio, boundary layer thickness, injector diameter, 
wall curvature and shock reflection on fuel injection and mixing characteristics. It can 
be found that there is a critical momentum flux ratio for every specific boundary layer 
status. Only when the momentum flux ratio is less than that value, increasing boundary 
layer thickness could effectively improve the jet penetration and mixing efficiency. 
Otherwise, the variation of the boundary layer rarely affects the fuel penetration and 
mixing performance. Effects of wall curvature on mixing performance are highly 
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related to injector diameter. For the case with large injector diameter, decreasing the 
wall curvature enhances mixing efficiency of the fuel. However, for the small diameter 
case, variation of wall curvature rarely affects the mixing performance. At the same 
momentum flux ratio condition, similarities are observed regarding the flow 
characteristics, penetration depth and mixing efficiency of different diameter cases. 
Additionally, interaction between reflected shock and mixing layer in the combustor 
substantially reduces penetration depth, but enhances mixing efficiency due to the 
intense shearing motion caused by the interaction. 
Finally, fuel injection considering outflow vortex characteristics of the inlet was 
proposed and investigated numerically. Fuel injection in the inlet/combustor case has 
better mixing efficiency and speed than the schemes with uniform incoming flow, 
since the outflow vortex structures of the three-dimensional inlet greatly enhance 
fuel/air mixing performance in the combustor. Excluding the mixing increment caused 
by the boundary layer, the streamwise vortex structures of inlet contribute 
approximately 65% enhancement of mixing efficiency. Injection positions for the 
inlet/combustor schemes are more favourable for fuel mixing by considering the 
effective averaged vorticity magnitude of the inlet cross-section. Larger effective 
averaged vorticity leads to higher mixing efficiency. 
 
Keywords: Three-dimensional inward turning inlet; Scramjet combustor; Vortex 
characteristics; Transverse perpendicular injection; Mixing characteristics 
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